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Abstract

Carboranes are an important class of icosahedral carbon-boron clusters that have been
intensively studied in the fields of medicinal, organometallic, and materials chemistry. In recent
years, there have been efforts to incorporate carboranes into block copolymers to explore their
biomedical applications. Few studies have used reversible deactivation radical polymerisation
processes to the synthesize carborane-based polymers. In this work, we report the synthesis of
a series of well-defined poly[oligo(ethylene glycol) methyl ether methacrylate]-block-
poly(closo-1,2-carboranylethyl methacrylate) (POEGMA-b-PCbEMA) block copolymers by

means of a photo-mediated reversible addition-fragmentation chain-transfer (RAFT)
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polymerisation, and report the formation of nanoparticles of various morphologies through
polymerisation-induced self-assembly (PISA). Various parameters including temperature,
irradiation source, degree of polymerisation of the core-forming block, solids and water content

were found to have an impact on the polymerisation process and the final morphologies.

Introduction

Carboranes are an important class of electron-delocalized, heteroborane clusters comprising of
two carbon and ten boron atoms. There are three carborane isomers depending on the position
of the two carbon atoms, namely: closo-1,2-carborane (ortho-carborane), closo-1,7-carborane
(meta-carborane) and closo-1,12-carborane (para-carborane).! Carboranes exhibit interesting
properties, including a unique g-aromaticity, high lipophilicity and hydrophobicity, excellent
chemical and metabolic stability, and the ability to form unique 'dihydrogen' bonds (B — H -
H - X, X=N, O and C.).? Additionally, carboranes can be considered inorganic analogues of
a rotating phenyl ring or adamantyl cage due to their comparable volumes 140-150 A3.3 To
date, carborane cages have attracted great attention as anti-cancer agents,® antibiotics® and
fluorophores.®” Boron neutron capture therapy (BNCT), an experimental binary anti-cancer
treatment based on the localised nuclear fission reaction of '°B nucleus upon the capture of a
thermal neutron, is one possibility enabled by carboranes due to their high boron content and
the very high neutron capture cross section of the naturally-occurring °B isotope (ca. 20%
natural abundance).®”!® However, small carborane compounds suffered from low aqueous
solubility, short circulation time and non-specific accumulation in vivo.!! The incorporation of
carboranes into nanoparticles is anticipated to overcome some of these challenges and improve
their solubility, prolong their circulation time and promote their trans-membrane properties.'?

11,14-16

For potential applications in drug delivery'? and binary anti-cancer applications, only a



few carborane-containing block copolymers and their self-assembled materials have been

reported to date.

In polymer science, carboranes are mainly incorporated into the polymer backbones by means
of polycondensation reactions to enhance the thermal and oxidation stability of polymers such
as polyimides, polybenzoxazines and polysilanes, and to tune the emission and absorption

properties of fluorescent, conjugated polymers.’

However, controlled/living radical
polymerisation methods including reversible addition-fragmentation chain-transfer (RAFT)
polymerisation, atom-transfer radical polymerisation (ATRP) and ring-opening polymerisation
(ROP) have only been scarcely used to synthesise carborane-containing block copolymers. !4~
20 Hence, a limited understanding of the behaviour of carborane-based monomers during such
polymerisation processes persists. Notably, in order to prevent possible deboronation reactions
of the carborane cages, in particular regarding the most commonly used closo-1,2- isomer,
closo-1,7-carborane derivatives or substituted closo-1,2-carborane monomers are generally
employed. However, these carboranes are expensive, difficult to source, and feature low to

modest overall yields in monomer syntheses (26% - 49%).!1:15-21

The self-assembly of carborane-containing copolymers to date has only been done via
conventional dialysis methods, typically performed at low polymer concentration. The
possibility of using polymerisation-induced self-assembly (PISA) to generate copolymers and
their corresponding self-assembled structure in one pot has not been studied yet. First applied
in the early 2000s, PISA has become a reliable method to prepare polymer self-assemblies in
situ during polymerisation.”>?* PISA makes it straightforward to generate dispersions of
polymer spheres, worms/rods and polymersomes at scale and in solids contents of up to 50
wt%.%* Thermal RAFT dispersion polymerisation is the most widely exploited polymerisation

strategy for PISA in water,” promoting the mobility and flexibility of the core-forming block



and thus facilitating the formation of multiple morphologies. Recently, Boyer’s group reported
studies on PISA mediated by photoRAFT and photoinduced electron/energy transfer (PET)-
RAFT methods, enabling the formation of high-order self-assembly morphologies at room
temperature and under an air atmosphere.?®?’ The nanoscale objects formed by a PISA
approach have seen increasing exploration and development toward applications in
biomedicine, drug delivery, printable polymeric scaffolds, and porous templating

materials,>4?331

In this work, we prepared a carboranylethyl methacrylate monomer (CbEMA) from closo-1,2-
carborane with a high overall yield, and incorporated it into a series of closo-1,2-carborane-
containing amphiphilic poly[oligo(ethylene glycol) methyl ether methacrylate]-block-
poly(closo-1,2-carboranylethyl methacrylate) (POEGMA-b-PCbEMA) diblock copolymers by
means of a photoRAFT polymerisation under green LED irradiation using a photo-sensitive 4-
cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-pentanoic acid (CDTPA) chain transfer
agent. Using PISA, nano-scale self-assemblies of POEGMA-b-PCbEMA with various
morphologies were obtained in situ. The effects of different experimental parameters on the
PISA process were further examined to establish a facile and high yielding synthetic strategy
toward carborane-based nanomaterials. The effects of varying the irradiation wavelength,
temperature, the DP of the core-forming block, water content and solids content on the system

are reported herein.

Results and discussion

Synthesis of monomer and copolymers

The closo-1,2-carboranylethyl methacrylate (CbEMA) monomer synthesis was inspired by

literature methods.*?3* Closo-1,2-carborane was deprotonated by n-butyllithium and reacted



with ethylene oxide in dry THF to give the intermediate carboranyl ethanol (CbE), which was
reacted with methacryloyl chloride in the presence of triethylamine in dry DCM to give the
required CbEMA monomer (70% yield). Monosubstitution of the carborane was confirmed by

"H NMR spectroscopy for both CbE and CbEMA (Figures S1 — S6, Supporting Information).

The macroCTA POEGMA-CDTPA (i.e. stabilizer for the PISA process) was synthesized
according to a literature method?’ to avoid potential photodegradation issues stemming of the
CDTPA end group.**** The 'H NMR spectrum of the macroCTA POEGMAs5,-CDTPA and its
SEC data are shown in the Supporting Information (Figures S7 and S8). Test polymerizations
on the CbEMA monomer were carried out using CDTPA in both conventional thermal RAFT
polymerisation on a hot plate and photo-initiated RAFT polymerisation in a photo reactor
(Figure S9, Supporting Information). (N.B.: because the LED strip generated heat during
irradiation, the temperature of the photoRAFT polymerization was set to either 28 °C or 48 °C
with/without a portable electric fan.) The thermal RAFT polymerisation was carried out at
80 °C under N> in the presence of AIBN in toluene, whereas the photoRAFT polymerisation
was carried out in an Ar glovebox at 48 °C using green LED without using any external radical
sources. The DP of the homopolymers were different, however this was not considered to affect
the polymerisation properties of the monomer. As a result, the green light irradiated photo
polymerisation was found to give a better yield (93%) within a shorter period (6 h) at a lower
temperature (48 °C) while maintaining a good level of controllability (B = 1.23) of the
polymerisation process, as compared to the thermal method (conversion 71%, reaction time 22
h, B = 1.12). The SEC traces of both homopolymers are shown in Figure S10. Notably, the
reactions were found to be extremely sensitive to air, and an argon atmosphere was found to
be effective in maintaining the repeatability and high yields of the reactions. Thus, a CDTPA-
mediated photoRAFT polymerisation method in an Ar glovebox was chosen for the following

PISA study. A typical PCbEMA 'H NMR spectrum is shown in Figure 1.



In addition, since carborane is known to be highly thermally stable, the decomposition
temperature (T4, where 5% weight loss was observed) and glass transition temperature (Ty)
were measured for the homopolymer PCbEMAg; by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) under N,. The Ty was 282 °C and T, was ca. 140°C
(Figures S11, S12, Supporting Information), which were higher than those of the phenyl
analogues poly(2-phenylethyl methacrylate) (PPEMA, T, = 42 °C)* and poly(benzyl

methacrylate) (PBzMA, Tg = 54 — 60 °C).*’
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Figure 1. '"H NMR spectrum of the homopolymer PCbEMA g3 (DMSO-ds, 500MHz, 298K).

PISA process of POEGMA-b-PCbEMA mediated by photoRAFT polymerisation

An appropriate solvent system is key to a successful PISA process, in which all starting
materials dissolve adequately while the resulting core-forming block dissolves poorly to
facilitate micellar nucleation.?* To determine the ideal solvent system for POEGMA-b-
PCbEMA PISA process, methanol, ethanol, isopropanol, aqueous/alcohol solution and
DMSO/aqueous solution were chosen based on the relative solubility of each component. As a

result, only a mixed isopropanol/aqueous solution gave a satisfactory final reaction mixture



without phase separation (data not shown). Notably, unlike its phenyl analogue BZMA which
went through PISA process in ethanol,?” the existence of water in this solvent was found to be
crucial for the successful formation of POEGMA-b-PCbEMA self-assemblies. While 10 vA%
water content gave only polymer precipitates, a higher water content (30 v/1%) was found to
produce less interconnected self-assemblies (Figure 2) with larger dispersity in SEC (Table
1). This trend of the core-forming block PCbEMA to form more compact individual cores as
water content increased can be explained by the high hydrophobicity of the carborane cage. To
balance between the successful formation of nanoscale self-assemblies and their
interconnectivity, the final water content was chosen to be 20 v/A%. Thus, the chain extension
of the hydrophobic PCbEMA block was carried out in an 80/20 v/A% isopropanol/water
solution at [M]:[macroCTA] = 250:1 for kinetic studies. Key peaks in the 'H NMR spectrum
of POEGMA-b-PCbEMA are shown in Figure 3a. A clear MW shift toward higher molecular

weight was confirmed by SEC (Figure 3b).

Table 1. Synthesis and characterization of POEGMAs¢-b-PCbEMA100 polymers and nanoparticles
prepared at water contents of 10 v/v%, 20 v/v% and 30 v/v%.

Polymer Composition® c?)‘r]:tlet::;b Conversion® ?/Ig/l;nl\:)h:)]z Dsect S(ilf:i'l’)';f PDIprs! TEM®
POEGMAs0-PCbEM A4 10% 94% 39700 1.12 - - -

POEGMAs0-PCbEMAo 20% 92% 39200 1.21 404 0.23 mixed
POEGMA50-PCbEMAos 30% 93% 39 400 1.30 75 0.08 spheres

4 Determined based on NMR (DMSO-ds, 300MHz, 300K) integrations; ® refers to the volume ratio (v/v) of water
in isopropanol/water solutions; ® measured in DMAc at 298K, calibrated with PMMA standards; ¢ sizes by number
calculated by DLS; © description of phases was based on the TEM images.

WC =20% — | WC =30%

500 nm




Figure 2. TEM micrographs of POEGMA5¢-b-PCbEMA 199 nanoparticles formed at water contents of
a) 20 v/v% and b) 30 vv%. Insets show the number-weighted DLS sizes distribution.

Kinetics study

Kinetics studies were conducted under green and blue LEDs at both 28 °C and 48 °C using a
POEGMA:s¢-CDTPA macroCTA (M, nmr = 15400 g/mol, B = 1.14). The chain extension
process of a POEGMAs6-b-PCbEM A50 was studied, and the reaction rate, reaction control and
the self-assembly properties were compared in order to optimize the reaction conditions

(Figures 3c-e).

First-order kinetics were observed for green LED irradiated reactions at both 28 °C and 48 °C
(Figure 3d). Compared to a reported PISA study for POEGMA-b-PBzMA,?’ the POEGMA s6-
b-PCbEMA system exhibited comparable high conversions within a much shorter reaction time
with no apparent inhibition periods, while maintaining a satisfactory control over the chain
propagation process at the same time. At 28 °C, the conversion of the reaction reached 95%
after 18 hours which was 25% faster than the POEGMA-H-PBzMA system (which required 25
h), whereas a conversion of 93% was achieved within only 6 hours at 48 °C (Figure 3c¢). Under
both conditions, the dispersity (D) generally stayed below 1.35, although a growing trend with
the chain extension was observed (Figure 3e). This trend was also observed in other light-
driven RAFT-mediated PISA process,’®?” which could be an indication of gradual end group
degradation upon irradiation during the photoRAFT polymerisation. The high dispersity
observed at 18 h in the green light/28 °C reaction was likely due to the CTA photodegradation
and the inefficiency of the stabilizer block when DPpcoema was above 200, which will be
discussed later. TEM images confirmed that both reactions gave a mixture of individual
nanospheres and strings of interconnected nanospheres which were evenly sized (ca. 50 nm)

(Figure 4a, 4b).



On the other hand, the use of a blue LED led to a drastic increase in reaction rate, where the
reaction reached a conversion of 93% within 3 hours without an obvious inhibition period
(Figure 3b). However, like the POEGMA-b-PBzMA system,?’ the reaction showed high B
between 1.3 and 1.5 during the chain propagation and two-stage kinetics (Figure 3d, 3e), where
an apparent drop in the reaction rate was observed after the conversion had reached 50%. This
was likely due to the fast formation of a rigid hydrophobic core that was hard for monomers to
penetrate. The SEC trace of the blue light reaction showed a much higher ratio (ca. 20%) of
dead macro-CTA chains compared to green light irradiated reactions (Figure S13, Supporting
Information) which can be explained by the higher rate of photodegradation of the
trithiocarbonate end group under the more energetic blue LED light, as reported in literature.*®
The TEM showed mainly individual nanospheres sized ca.70 nm (Figure 4¢). Thus, for the

remainder of this study, we focused on green LEDs.
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Figure 3. a) Scheme of the PISA reaction and the '"H NMR spectrum of the block copolymer POEGMA-b-
PCbEMA. b) Molecular weight shift of block copolymer pOEGMAs-pCbEMA100 as compared to
POEGMAss macroCTA. c) — e) Kinetics study of the PISA process of pPOEGMAs6-pCbEMA250 under
green/blue LED light at 28/48 °C.



Figure 4. TEM images of POEGMAs6-b-PCbEMA 250 nanoparticles obtained from kinetic studies under a)
green LED light at 28 °C, b) green LED light at 48 °C and c) blue LED light at 28 °C. Histogram of
Figure 4c is shown in the Supporting information Figure S14.

In order to obtain a thorough understanding of the morphology evolution, a series of PISA
experiments were carried out on the POEGMA-H-PCbEMA system with different DPpcoema

and solids content. The effect of reaction temperature was also evaluated.

Effect of DPrchema on the PISA process of POEGMA-b-PCbEMA. To study the effect of
DPpcoema on the PISA process of POEGMA-b-PCbEMA block copolymer system, a series of
POEGMAs6-b-PCbEMAx (x = 50 — 300) polymers were synthesized by chain extending
POEGMAs6-CDTPA macroCTA (Manmr = 17200 g/mol, D = 1.13) with CbLEMA monomer
under Ar at 48 °C in a mixture of 80/20 v/A% isopropanol/water solution (Table 2). High
conversions above 94% were confirmed by 'H NMR measurements. A good control over
propagation process, with DPpcoema between 50 and 200, was confirmed by SEC (unimodal
traces with B = 1.06 — 1.32, Figure S15, Supporting Information), although an increase in
dispersity was observed with the growth of DPpchema, which was also reported in other PISA
studies initiated by light.?%?” However, when DPpchema reached 300, a multimodal SEC trace
and a high dispersity of 1.75 were observed, which indicated that DPpcoema should be limited

to 200.

Visually, the turbidity of the final reaction mixtures of the nanoparticles increased with the

DPpcbema, while the viscosity peaked at DPpcbema 150 (tested by inverting the reaction vials),



at which point a translucent gel was formed (Figure S16, Supporting Information). Despite the
high T, of the core forming PCbEMA block, TEM images confirmed a morphological
evolution from spheres, short rods/strings of interconnected spheres, large spherical aggregates,
to finally large irregular aggregates for the POEGMAs6-b-PCbEMA system (Figure Sa-e).
The nanoparticle size increased with DPpchema, and the diameter of each spherical unit grew
from ca. 25 nm to more than 100 nm. The interconnectivity of the nanospheres was found to
be in good accordance with the viscosity of the final reaction mixture: from DPpcoeEma 50 to
DPpcoema 150, the viscosity of the final reaction mixtures increased as the nanoparticles
became more interconnected, both peaked at DPpchema 150; at DPpcoema 200 and 300, the
small nanoparticles packed into individual larger aggregates and, accordingly, a dramatic
decrease in the viscosity of the reaction mixtures was observed, as both reaction mixtures were

free-flowing fluids.

The same series of POEGMA56-b-PCbEMA, (x = 50 — 300) syntheses were also carried out at
ambient temperature (28 °C) while the reaction time was extended to 18 hours. SEC results
showed comparable polymerization control to the one at a higher temperature (48 °C) before
(Figure S17, Supporting Information). A similar morphology evolution was seen in TEM
images. Although the same morphologies appeared at larger DPpcoema at 28 °C compared to
that at 48°C, and the size of each spherical unit was slightly smaller at the same DPpcbEma,
which could be explained by the lower flexibility of the core at the lower temperature hindering
the fusion of the cores (Figure 5f-j). Interestingly, a much higher interconnectivity between
the spherical units started to form at DPpcpema as low as 100, and a much larger DPpcpema range
(x =100 - 300) wherein gels were formed at the end of the reaction (Figure S18, Supporting
Information). The results once again demonstrated that higher thermal energy boosted reaction

kinetics but led to a reduced nanoparticle interconnectivity.



Additionally, to elucidate the structure of the spherical nanoparticles, small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS) were carried out on the
POEGMAs6-b-POEGMA4s suspension (Figure S19, S20). A concentration-dependent
scattering profile was observed in SAXS measurements. The interparticle interaction at an
interval of ca. 35 nm occurred at a concentration of 6.0 wt%, which corresponded to the particle

size. A core-shell structure was determined as the extrapolated scattering profile could be

1.39

reproduced using Pedersen’s polymer micelle model.” No crystalline packing of the core was

found according to WAXS measurements.

Table 2. Synthesis and characterization of POEGMAsc-b-PCbEMAx (x = 50 - 300) polymers and
nanoparticles prepared at a solids content of 30%.

Temperature M, NMR SizepLs

Entry Polymer Composition® ©C) Conversion® (g/mol)* Pskc® (nm)° PDIpis®
1 POEGMAs6-PCbEMA4s 95% 29 600 1.05 29 0.21
2 POEGMAs56-PCbEMA 103 92% 43 800 1.13 41 0.14
3 POEGMA56-PCbEMA 144 28 95% 54 400 1.17 110 0.13
4 POEGMAs56-PCbEMA213 97% 72 200 1.40 283 0.18
5 POEGMA56-PCbEMA299 96% 94 400 1.70 370 0.18
6 POEGMAs6-PCbEMASs7 96% 31900 1.06 82 0.14
7 POEGMAs6-PCbEMA 109 96% 45300 1.13 124 0.15
8 POEGMAs6-PCbEMA 167 48 96% 60 300 1.23 200 0.24
9 POEGMAs6-PCbEMA 208 94% 70 900 1.32 160 0.19
10 POEGMAs6-PCbEMA 13 94% 99 300 1.75 223 0.05

2 Determined based on NMR (DMSO-ds, 300MHz, 300K) integrations; ® measured in DMAc at 298K, calibrated
with PMMA standards; °© sizes by number calculated by DLS.

DPpchema

Figure 5. TEM images of POEGMAs6-b-PCbEMA« (x = 50, 100, 150, 200 and 300) nanoparticles formed at
48 °C (a - e) and 28 °C (f - j), 30 wt% in 80/20 v/+»% isopropanol/water under green light (nanoparticles
were stained by 2% uranyl acetate). Histograms of Figure 5d and 5f are shown in the Supporting
information Figure S14.



Effect of solids content on the PISA process of POEGMAs6-b-PCbEMA100. In order to
further understand the morphology evolution, photoRAFT polymerisations were carried out
for POEGMA56-b-PCbEMA 19 at a range of solids contents (SC) from 0.15 to 0.40 at 48 °C
(Table 3). The chain extension of CbEMA from POEGMAss-CDTPA macroCTA was
performed under green light and an Ar atmosphere. All reactions exhibited high conversions (>
90%) and low dispersity (P < 1.15) based on NMR and SEC results, respectively (Figure S21,
Supporting Information). TEM images demonstrated a clear trend in the morphology evolution
(Figure 6). At lower solids contents (SC = 0.15 and 0.20), the self-assemblies were individual
nanospheres, while an arrangement occurred at SC = 0.20 where the nanospheres aligned along
curved lines, which was a transitional phase before fusion/interconnection happened at SC =
0.25, 0.30 and 0.35 to form short nanorods and longer strings of nanospheres. At high SC =
0.40, large nanospheres and a small amount of interconnected large spherical dimers were
formed. Once again, the viscosity (tested by inverting the reaction vials) corresponded with the
relative interconnectivity of the self-assemblies, with viscous fluids forming at SC = 0.15 and
0.20 when the self-assemblies were individual nanospheres, and gels forming at SC = 0.25,
0.30, 0.35 and 0.40 when interconnected nanoparticles were present (Figure S22, Supporting

Information).

Table 3. Synthesis and characterization of POEGMAs6-b-PCbEMA100 copolymers and nanoparticles
prepared at 48 °C at different solids contents.

. Solids . M, NMR SizepLs
a a 4 b c
Entry Polymer Composition Content Conversion (g/mol)* Dsec (nm)° PDIpis
11 POEGMAs6-PCbEMA 105 15% 91% 44300 1.09 50 0.09
12 POEGMAs6-PCbEMA 107 20% 93% 44 800 1.10 53 0.08
13 POEGMAs6-PCbEMA 104 25% 90% 44100 1.12 86 0.15
14 POEGMA s6-PCbEMA 109 30% 96% 45300 1.13 124 0.15
15 POEGMA s6-PCbEMA 115 35% 98% 46 900 1.12 92 0.13
16 POEGMA s6-PCbEMAugs 40% 92% 41700 1.11 354 0.11

2 Determined based on NMR (DMSO-ds, 300MHz, 300K) integrations; ® measured in DMAc at 298K, calibrated
with PMMA standards; © sizes by number calculated by DLS.



500 nm

Figure 6. TEM images of POEGMAs¢-b-PCbEMA 100 nanoparticles formed at different solids content (SC
=0.15, 0.20, 0.25, 0.30, 0.35 and 0.40) at 48 °C in 80/20 v/v% isopropanol/water under green light.
Histograms of Figure 6a, 6b and 6f are shown in the Supporting information Figure S14.

In all systems, no evidence of uniform nanoworms or vesicle morphologies was observed.
Although a low degree of core fusion was observed in the formation of short nanorods in this
study, it was thought that the core flexibility was not high enough to support further
rearrangement of the self-assembly structures at temperatures lower than 50 °C due to the high
T, of the core-forming PCbEMA. However, slow core fusion was indeed observed for
POEGMAs6-b-PCbEMA 150 in a dilute dispersion (0.4 mg/ml) in 80/20 v/v% isopropanol/water
after 7 days of storage at 0 °C (Figure S23, Supporting Information). Besides, the opportunities
to achieve conventional higher order morphologies are likely possible if further fine tuning of

the reaction conditions occur, such as the addition of a plasticizer or a co-monomer.

Conclusions

We synthesized a carboranylethyl methacrylate monomer and employed photoRAFT-mediated
PISA to synthesize amphiphilic carborane-containing POEGMA-b-PCbEMA block
copolymers and their corresponding nano-scale self-assemblies. PCbLEMA homopolymer and

POEGMA-b-PCbEMA block copolymers could be efficiently synthesized via green light-



driven RAFT polymerisation with low dispersity and high conversions compared to thermal
RAFT polymerisation. An investigation of the effects of DPpcoema, temperature, and solids
content on the polymerisation process and morphology evolution of the self-assemblies
underscored the reliable formation of carborane-containing nanospheres, short nanorods,
interconnected strings of nanospheres and large nanoscale aggregates. The viscosity and
gelation of the reaction mixture could be used as a reference to determine the interconnectivity
of the nanoparticles. With a better understanding of the properties and behaviors of carboranes
in polymers and self-assemblies, the potential of carboranes in polymer science can be further
explored. Overall, our study highlights a straightforward nanoparticles fabrication method with
high carborane loading. As carboranes can be useful agents in BNCT, our nanomaterials

fabrication may prove useful for future biomedical applications.’

Experimental Section

Materials and Methods

Closo-1,2-carborane was purchased from Boron Specialties LLC (US), and all the other
reagents were commercially available from Sigma-Aldrich and Merck. Methacryloyl chloride
was distilled before use. Poly(ethylene glycol) methyl ether methacrylate (M, 300) was filtered
through basic alumina before use. THF and DCM were dried over 4A molecular sieves for 2
days before use. Other reagents were used as received. Column chromatography was performed
with silica gel 60 LR, 0.04-0.06 mm from Chem-Supply. Thin layer chromatography (TLC)
was performed on TLC silica gel 60 F254 aluminium plates from Merck. Carborane-containing
small molecules were visualised using an acidified PdCl> (1%) aqueous staining solution upon
heating. The LED strip Tapo L930 was purchased from TP-link, the peak wavelengths of green

LED and blue LED are 515 nm and 460 nm, respectively, with a fluctuation range of 5 nm.



NMR spectroscopy

'H, BC{'H} and "B{'H} NMR spectra were recorded using Bruker Avance 300 MHz and
500MHz spectrometers at 300 K. Small molecules were measured in CDCl3 (Cambridge

Isotopes) and polymers were measured in DMSO-ds (Sigma-Aldrich).
Size Exclusion Chromatography (SEC)

SEC measurements were performed using a UFLC Shimadzu Prominence SEC system
equipped with 5 pm, 10* A and 10° A Phenogel™ columns calibrated with PMMA standards.
The eluent was dimethylacetamide (DMAc) containing LiBr (0.03 wt%) and BHT (each at 0.05
wt%) running at a flow rate of 1 ml/min at 50 °C. The samples were filtered through a 0.45 um
nylon syringe filter before injection. My, sec was only used to show the molecular weight shift
of the carborane-containing polymers, the exact numbers were not useful due to the huge

difference between carborane-containing polymers and the PMMA standard.
Dynamic Light Scattering (DLS)

DLS measurements were performed in 1.5 mL semi-micro polystyrene cuvettes, using a

Malvern Zetasizer Nano ZS equipped with a He-Ne 633 nm laser at a scattering angle of 173°.
Transmission electron microscopy (TEM)

TEM was performed on a JEM-2100CR instrument equipped with a Sk x 4k CMOS camera
(EMSIS). Images were collected in bright-field mode with a spot size of 3 at an accelerating
voltage of 200 kV. Diffraction contrast enhanced by using an objective lens with a 20 pm
aperture. TEM sample preparation was as described below: All self-assemblies were dispersed
in an 80/20 v/v isopropanol/water solution and stirred overnight. 4 puL of the polymer self-

assembly solution was dropped onto a carbon-coated copper grid and dried in air for 60 seconds.



The remained solution was blotted by a filter paper. The samples were negatively stained by

2% uranyl acetate (UA) solution for 30 seconds, blotted and dried in air before imaging.

Thermogravimetric analysis (TGA)

TGA measurements were performed on a TA Instruments Discovery thermogravimetric
analyser and analysed using a TA Instruments Trios software. 0.93 mg of dried polymer sample
was loaded onto a 100 pL platinum plate and heated up to 700 °C at 10 °C/min in N> at a flow

rate of 20 mL/min.

Differential scanning calorimetry (DSC)

DSC measurements were performed on a Mettler Toledo DSC823e Differential Scanning
Calorimeter and analysed using a STARe software. 1.9 mg of dried polymer sample was loaded
onto a 40 pL aluminium holder and heated from 25 °C to 250 °C at 10 K/min in N> at a flow
rate of 50 ml/min. The temperature was held at 250 °C for 30 min in the first cycle to remove

the residual traces of solvent and data was collected in the second cycle.

Small-angle X-ray scattering (SAXS) and Wide-angle X-ray scattering (WAXS)

Small-angle X-ray scattering and wide-angle X-ray scattering measurements were carried out
on a SAXSpoint 5.0 instrument (Anton Paar, UK) at an incident beam wavelength of 0.154 nm.
The digital detector was placed 556.95 mm from the samples for SAXS experiments, and
116.47 mm from the samples for WAXS experiments. The X-ray transmittance of a sample
was determined using the equipped transmittance detractor. SAXS and WAXS samples were
diluted directly from the final reaction mixture using the same isopropanol/water 80/20 v/v
solution. A series of dispersions with concentrations of 0.3 wt%, 0.6 wt%, 1.5 wt% and 6.0 wt%

were measured in SAXS. WAXS was done on a 6.0 wt% nanoparticle dispersion.



Synthetic Methods

The synthesis of carboranylethanol (1)

H H

@,H 1. "BuLi, dry THF, -78°C, N, 30 min 5 OH
> A
2. A,0°C, Ny 1h R

1

n-Butyllithium (1.6 M in hexane, 1.25 ml, 2 mmol) was added dropwise to a solution of closo-
1,2-carborane (288.5 mg, 2 mmol) in dry THF (6 ml) under N at -78°C with stirring. After 30
minutes, ethylene oxide (2.5 - 3.3 M in THF, 1.08 ml, 2.7 mmol) was added dropwise to the
mixture. Then the reaction was stirred at 0°C for another hour before quenched with saturated
NH4ClI aqueous solution (2 mL). The mixture was extracted with ethyl acetate (3 mL x 3). The
organic phase was combined, dried over Na;SO4 and concentrated in vacuo. Purification by
silica gel column chromatography (petroleum benzine : ethyl acetate = 5:1 v/) and freeze
drying afforded 1 as a colourless solid (298 mg, 1.56 mmol, 78.2%). 'H NMR (500MHz, CDCls)
8 (ppm): 3.97 (s, 1H), 3.80 (t, 2H), 2.91-1.50 (br m, 10H), 2.50 (t, 2H); *C{'H} NMR
(500MHz, CDCls) & (ppm): 73.11, 60.85, 60.51, 39.93; '"B{'H} NMR (500MHz, CDCIl3) &

(ppm): -2.09 (s, 1B), -5.37 (s, 1B), -9.47 (s, 2B), -10.96 (s, 2B), -12.08 (s, 2B), -12.85 (s, 2B).

The synthesis of carboranylethyl methacrylate (2)

Cl
H H H
M ___2 oy
triethylamine, dry DCM, N—Z 0

1 2

Methacryloyl chloride (195.4 pL, 2.0 mmol) was added dropwise to a solution of 1 (380.9 mg,
2.0 mmol) and triethylamine (348.5 pL, 2.5 mmol) in dry DCM (1 mL) under N> at 0°C with
stirring. Then the reaction was warmed to room temperature and stirred overnight. The mixture

was washed 3 times with brine and the organic phase was dried over Na>xSO4 and concentrated



in vacuo. Purification by silica gel column chromatography (petroleum benzine/DCM = 1:1
v/v) afforded 2 as a viscous, colourless liquid (477 mg, 1.85 mmol, 92.3%). '"H NMR (500MHz,
CDCl3) 6 (ppm): 6.10 (s, 1H), 5.63 (s, 1H), 4.25 (t, 2H), 3.66 (s, 1H), 3.40-1.20 (br m, 10H),
2.63 (t, 2H), 1.94 (s, 3H); *C{'H} NMR (500MHz, CDCls) § (ppm): 166.81, 135.74, 126.76,
72.20, 62.08, 60.90, 36.87, 18.37; 'B{'H} NMR (500MHz, CDCI3) § (ppm): -1.98 (s, 1B), -

5.19 (s, 1B), -9.09 (s, 2B), -11.19 (s, 2B), -12.12 (s, 2B), -12.90 (s, 2B).
The synthesis of PCbEMA-CDTPA homopolymer

PCbEMA-CDTPA homopolymer was synthesized via either thermal RAFT polymerisation or

photoRAFT polymerisation.
Thermal RAFT method:

H (o)

CN 1.5 s
@\/0% CPADB, toluene, AIBN_ HOWX\H/ ™
80°C, 24 h,Ar S
o) J oo

CbEMA (98.1 mg, 0.38 mmol), CDTPA (1.40 mg, 0.0035 mmol), AIBN (0.113 mg, 0.00069
mmol) and toluene (0.31 mL) were added into a 5 mL Schlenk tube and degassed by 3 cycles
of freeze-pump-thaw. The reaction mixture was heated at 80 °C for 22 h and quenched by
exposure to air. After precipitation into diethyl ether 3 times and freeze drying, a colourless,
glassy solid was obtained. DMAc SEC using PMMA standard indicated D = 1.12. A conversion

of 71.1% was calculated based on the 'H NMR integrations of the Ccage—H proton and the

J- I6.0‘) - 6.06 ppm

= ) X 100%), and thus the calculated MW of the homopolymer

f I5.25 -5.03 ppm
Ccage-H

alkenyl proton (o0 = (1 —

[CbEMA],

was determined to be M, ncta = MWeprpa + o X [CDTPA),

X MWCbEMA =20509.17 g/mol



photoRAFT method.:

H CN 1.s s
O\HJL CPADB, acetone HOW\’EXY ~r,
a 12, Ar g S

CbEMA (189.0 g, 0.73 mmol), CDTPA (2.65 mg, 0.0066 mmol), and acetone (0.66 mL) were
added into a 2 mL vial and purged with Ar for 15 min in an ice bath. The mixture was irradiated
by green LED in an Ar glovebox overnight and quenched by exposing to air. After dialysis
against acetone and drying at 50 °C under a N> flow overnight, a light-yellow solid was
obtained. DMAc SEC using PMMA standard indicated B = 1.23. A conversion of 93.1% was

calculated based on the 'H NMR integrations of the Ccage—H proton and the alkenyl proton

6.09 - 6.06 ppm
(a=(1 —%) X 100% ), and thus the calculated MW of the homopolymer was

Ceage-H

[CbEMA],

determined to be My, mcta = MWeprpa + 0 % [CDTPA],

X MWCbEMA =27178.42 g/m()l

The synthesis of POEGMA-CDTPA macroCTA

o CN
oI
£ ¢

CPADB, toluene, AIBN

fo) 70°C,5h, Ny
J r

o)

4 c|> 3

POEGMA-CDTPA macroCTA was synthesized according to literature.”” OEGMA (3.0 g, 10.0
mmol), CDTPA (40.4 mg, 0.1 mmol), AIBN (3.3 mg, 0.02 mmol) and toluene (10 mL) were
added into a well-sealed 25 mL round bottom flask and purged with N> for 30 min in an ice
bath. The mixture was heated at 75 °C for 5 h and quenched by exposure to air. Precipitation

into 50 mL cold diethyl ether 3 times afforded a bright-yellow, sticky liquid. DM Ac SEC using



PMMA standard indicated M,, sec = 18300 g/mol, B = 1.13. A conversion of 55.5% was

calculated based on the '"H NMR integrations of the alkene proton =C-H at T=5h and T =0

J' 16 10-6.01 ppm/j' l7.57-6.84 ppm

=CH, T=5h 1., T=5h

OG0T 7sesrm), and thus the calculated
f =CH, T=0h /I ltol , T=0h

h using toluene peaks as the reference (conv. =

[OEGMA],
[CDTPA],

MW of the macroCTA was determined to be M;, ncra = MWeprpas + conv. X

MWOEGMA =17503.67 g/mol
General procedure of POEGMA-b-PCbEMA photo-RAFT mediated PISA
W Ser QN B S
NS W Nl
@/\/ \n)k O 00" S0 3

Ar, iPrOH/H20, light
OI

4

O o/, H
J BA

'
A typical photoRAFT-mediated PISA reaction of [2]:[mCTA]=100:1 with 30 w¢% solids
content at 28 °C under green light was set up as follows: 2 (104.7 mg, 0.405 mmol), mCTA
(60.0 mg, 4.05 x 10~ mmol), iPrOH (370.9 pL, 291.5 mg) and deionized water (92.7 uL, 92.7
mg) were added to a 2 mL vial and degassed by Ar for 15 min in an ice bath before irradiation
with green LED light in an Ar glovebox. After 18 h, the reaction was quenched by exposure to

air. Precipitation into 50 mL cold diethyl ether 3 times afforded a white solid. The conversion

was determined using 'H NMR based on the ratio of the integrations of the alkenyl proton =C-

H and Ceage-H, where the initial ratio at T =0 h was 1 (conv. = [ 1% ™"/ [ éizgci,oip ™.
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